the muscle was fatigued at short muscle lengths, the decline in force was more pronounced than when the muscle was fatigued at optimal length. Although this result was confirmed by Gauthier (1993) , other researchers (Fitch et al. 1985; McKenzie et al. 1987 ; Lee et al., 2007) have observed reduced fatigue in short muscle lengths.
In our preliminary study (unpublished data), we observed the influence of different elbow angles on muscle twitch parameters, measured with the tensiomyography (TMG) method on the biceps brachii (BB) muscle during short-acting electrical stimulation (ES). We observed a shorter contraction time in pre-stretched muscles (long muscles, elbow angle 5°) compared to relaxed muscles (short muscles, elbow angle 60°). The question that arose was whether this observation was an isolated phenomenon or whether similar changes would also occur in different circumstances.
Therefore, the present study explored the twitch-to-twitch effect of an intermittent stimulation protocol at variable muscle lengths (different elbow angles) on the muscle twitch response of the human BB muscle.
Our working hypothesis was that the changes in muscle response to intermittent electrical stimulation would be dissimilar at different elbow angles.
Materials and methods

Subjects
Nine healthy, sedentary subjects (6 men, 4 left-handed) ranging from 25 to 45 years old (mean of 32.7 ± 8), with no history of muscle or joint problems, participated in this study. All subjects were informed of the purpose and procedures of the study and gave written, informed consent for their participation.
The local ethics committee approved the tensiomyographical measurements.
Measurements
The contractile properties of the BB muscles on the left and right side were measured with the TMG method, which is classified as a mechanomyographical (MMG) method based on the 1995 convention (CIBA Foundation Symposium, 1995). TMG is based on a displacement sensor detecting muscle belly enlargement in the radial direction. TMG was invented in 1997 (Valencic et al. 1997) For the measurements, an inductive sensor, incorporating a spring with a coefficient of 0.17 N/mm, was used. It provided an initial pressure of approximately 1.5 x 10 -2 N/mm 2 on the tip area of 1.13 mm 2 . The responses of the BB muscles on the right and left sides were compared.
The measured subject sat in a measuring chair. The measured arm was fastened to the frame with two bands to achieve isometric conditions during the measurement. In all of our experiments, isometric conditions were applied within physiological limits. Our referential definition for isometric contraction was "the total length of the muscle tendon complex remains constant." The sensor location for each muscle was determined anatomically, according to Delagi et al. (1975) . Maximal muscle amplitude/response was used as an additional criterion for the optimal sensor position. For the BB, the sensor location was at the midpoint of the line between the lateral head of the clavicle and the head of the radius.
Muscle contraction was elicited by single-twitch electrical stimuli. Two self-adhesive electrodes were placed symmetrically around the TMG sensor. The anode was placed distally and the cathode proximally, 20-50 mm from the measuring point. Bipolar ES consisted of a single DC pulse of 1 ms in duration. A typical TMG record with parameters and definitions is shown in Figure 1 . The measured parameters are shown in Figure 2 . These parameters were the maximal amplitude of the signal (Dm), the delay time from the stimulation to 10% of the maximal contraction (t d ), the time of contraction from 10% to 90% of the maximal contraction (t c ), the time of sustained contraction from 50% contraction to 50% of the relaxation (t s ) and the relaxation time from 10% relaxation to 50% relaxation (t r ). 
Measurement protocols
Throughout the stimulation protocol, muscle activity was monitored with the TMG sensor. The stimulus intensity was set at 66% of a supramaximal twitch that was determined for a single 1-ms electrical impulse, before proceeding with the ES protocol for each muscle.
The electrical intermittent stimulation protocol (ISP) ( Figure 3 ) consisted of 30 100-ms stimulation bouts (100 Hz, 0.1-ms impulse width) with 400-ms pauses between bouts, followed by a 1000-ms pause and an in-between twitch bout (IBT; also 100 Hz, 0.1-ms impulse width; Figures 3 and 4b), followed by a 900-ms pause. The protocol was repeated six times so that the whole stimulation lasted 90 s, which amounted to a total of 180 100-ms stimulation bouts. The entire protocol was flanked by two basic twitch stimuli (TS, single 1ms impulse), one 3 s before and the other 3 s after end of the protocol.
The data were later read into Matlab (MathWorks, Natick, Massachusetts, USA) and analyzed with that software.
Measurements were performed on the biceps brachii muscles of both arms. On the left arm, the elbow angle was fixed at 5° (intermittent protocol of electrical stimulation at 5° [ISP5]), while the right arm was fixed at 60° (intermittent protocol of electrical stimulation at 60° [ISP60]). The reason for using the BB muscles of both arms was that the recovery from and/or the influence of a certain type of electrical stimulation can be quite prolonged. In severe cases, it may take as long as a few days to achieve full recovery (Jones et al. 1996) . The ISP was repeated six times so that the whole stimulation lasted 90 s, which amounted to a total of 180 100-ms stimulation bouts. IBT was repeated five times. The entire protocol was flanked by two basic twitch stimuli (a single 1-ms impulse), one 3 s before and the other 3 s after the end of the protocol. 
Statistical Analysis
Paired-samples t-tests were used to compare differences in the changes in contraction parameters t d , t c , t s , t r , and Dm as well as the differences between the two protocols (ISP5 and ISP60). Paired t-tests have greater power than unpaired tests when the paired units are similar with respect to "noise factors" that are independent of membership. Paired t-test was used to reduce the effects of confounding factors in our study. Significance for all tests was set at P < 0.05.
Results
A typical muscle response to ISP measured with the TMG sensor is shown in Figure 4a (first 18 s of 90-s intermittent stimulation with an extended or flexed elbow). An evident decrease in the contraction amplitude was observed during both ISPs at 15 to 20 s ( Figure 5 ). There was a statistically significant change in responses during both protocols.
With the ISP5 protocol, we observed a significantly faster decrease in effective contraction amplitudes and, at the same time, a greater difference in amplitude decreases at the end of stimulation, compared to the ISP60 protocol ( Figure 5 ). After 60 s of the ISP60 protocol, the ISP twitch amplitude was statistically unchanged.
The results of basic twitch response measurements before and after the ISP in long and short muscles are shown in Table 1 .
The differences between time parameters (t c , t d , t s , and t r in long [5°] and short [60°] muscles) before the ISP were statistically significant, as shown in Figure 6c and Table 1 . The difference between Dm in long (5°) and short (60°) muscles before the ISP was also statistically significant. For example, t c was statistically shorter (t c ISP60=26.3±1.1 and t c ISP5=24.4±2.7, p<0.05) and Dm was smaller in long muscles ( In the basic twitch responses before and after the ISP60 protocol ( Figure 6a and Table 1) , there were no significant differences in t c , t d , t s , t r or Dm.
In the ISP5 (Figure 6b ) protocol, there were significant changes in t d , t s , and t r and no significant differences in t c or Dm.
The IBTs had different dynamics of changes compared to those observed in twitches similar to contractions (ISP twitches), during both the ISP5 and ISP60 protocols.
From all the observed parameters in the IBTs during the ISP5 protocol, we found statistically significant differences in Dm only (p<0.05). The same pattern of response/changes was found with the ISP60 protocol in Dm only (p<0.05). The dynamics (direction and size of changes) of IBT response during the ISP were not significantly different when comparing the ISP60 and ISP5 protocols. showed that shortened muscles fatigue more quickly than extended muscles. At first glance, our data were not consistent with most of these studies; however, these studies are difficult to compare, as different measuring approaches were used as well as different muscle groups and stimulation protocols. These differences may explain the inconsistency of the obtained results.
Discussion
In all previously mentioned studies, tetanic-type electrical stimulation was applied to induce fatigue. For example, in the study by An important factor that may be responsible for the effects of stimulation is the recruitment order because this factor would affect the dynamics of fatigue. In our study, we used an intermittent type of transcutaneous electrical stimulation. Bursts of 100 Hz for 100 ms were given twice per second with two types of rest intervals (400 ms in between each pulse train and 1000 ms every 30 stimuli; Figure 3b ), which was different from any of the previously published protocols. Our idea was to simulate the moderate cyclic activity of the muscles during fast walking, jogging or cycling. In this type of muscle activity, it is important that there is no overlapping of the contraction and the relaxation phases during fatigue development. Using the intermittent type ES, we wanted to avoid the effects of HFF, which can produce very dramatic losses of force/amplitude of contraction, and it is questionable whether HFF is a "normal" (physiological) fatigue mechanism (Jones 1996) .
We believe that twitch intermittent-type ES has similar recruitment patterns to those found during voluntary action. A few studies have supported our contention that the recruitment order due to transcutaneous ES-induced contractions is non-selective (normal recruitment order versus reverse recruitment order) ( Nevertheless, with the ISP5 protocol, we observed an almost immediate drop in the twitch amplitude (Figure 3c) , while with the ISP60 protocol, a decrease occurred after 10-20 s. This last observation could be attributed to a usual HFF response (Jones 1996) . In the time frame of 10-20 s, the difference between the two protocols was most evident. After 60 s with the ISP60 protocol, the twitch amplitude was unchanged, while the twitch amplitude with the ISP5 protocol continued to decrease ( Figures 5 and 7) . A statistically significant difference was observed between the two protocols regarding the twitch response of the biceps brachii, while the differences in basic twitches before and after the ISP were not significant, except for t d , t s , and t r when comparing the ISP5 and ISP60 protocols.
This finding can be explained by the different electrical stimuli and by the delay (1 s) at the end of the stimulation protocols before the 1-ms twitch. The reasoning for incorporating the 1-s delay into the protocol following the ISP, as opposed to the normal 400-ms delay between twitches, was to prevent the possibility of twitch fusion. The stimulation protocol is depicted in Figure 4b .
This study showed that the high data acquisition rate during the ISP resulted in a better assessment of the temporal components of the fatigue process. It also revealed that twitch measurements every 15 s (IBT) did not alone show statistically significant differences between the ISP protocols (it is true that the conditions were slightly different: 1000 ms versus 400 ms rest between 100 ms stimulus durations). The applied procedure and the recording method enabled a higher sampling rate (180 ISP twitches versus 7 IBTs), which resulted in a much more precise (statistically significant) detection of changes occurring during the fatigue process. A summary of important results/differences is shown in Figure 7 . Fig. 7 . The IBTs before (a and b) and after the ISP protocol (c and d) were measured at two different lengths of the BB muscle (elbow angle 5 and 60°). Shorter contraction time and faster fatigue (decline of contraction amplitude) were observed in the long muscle (elbow angle 5°). A statistically significant difference in fatigue development during the ISP was observed after 10 s for the two elbow angles (e). During ISP60, after 50 s, the BB displacement achieved a steady state; however, this finding was not observed during ISP5. The influence of muscle length was reflected in muscle contractions and twitch conditions and during fatigue conditions produced by the ISP.
The crucial question that we wanted to answer in this study was whether the shorter contraction times at smaller angles (longer muscle) were related to changed muscle activation patterns (motor unit recruitment order) or whether there were other mechanisms involved. Hence, we expected the fatigue process to be more pronounced if faster twitch fibers were recruteited during contraction. Although this finding would not have been definite proof, it would have indicated that such a hypothesis could not be rejected. The results confirmed our working hypothesis. They showed a higher fatigue rate and a different time course in long muscles using the same ISP protocol. If we accept that the shorter tc in long muscles means a greater percentage recruitment of fast twitch fibers, then a faster and more pronounced onset of fatigue during the ISP5 protocol seems to be a logical consequence.
Conclusion and future directions
Prolonged or repeated contractions of skeletal muscles lead to impaired muscle action or to a decrease in force-generating ability. The present study explores the twitch-to-twitch effect of an intermittent stimulation protocol at variable muscle lengths (different elbow angles) on the muscle twitch response of the human biceps brachii muscle. Results showed a higher fatigue rate and a different time course in long muscles compared to short muscle using the same ISP protocol. For a better understanding of the detected changes and underlying processes, further research, in combination with other methods (EMG …) and conditions, e.g., normalize(load) cyclic voluntary muscle activation is required. 
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